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© A voltage regulator for an electrical generator, particularly an alternator. 
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© A voltage regulator for an alternator with excita- 
tion by permanent magnets (1) uses a supercapaci- 
tor (20) with a capacitance of the order of one farad 
and a static or mechanical switch (19) with a variable 
switching frequency of the order of tens of Hz. The 

FIG. 2 



device has the advantage that it is free of radio- 
frequency emissions and is also simpler, lighter and 
less bulky than voltage regulators formed according 
to the prior art. 
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The present invention relates to a voltage regu- 
lator usable in particular in association with an 
electrical generator in a vehicle having an internal 
combustion engine. 

Typically, an electrical generator for vehicles is 
constituted by a synchronous, rotary electrical ma- 
chine, normally an alternator, and by a multiphase 
rectifier bridge for outputting a direct electrical cur- 
rent. 

The voltage-regulator circuits according to the 
prior art use conventional semiconductor circuits or 
switching regulator circuits such as, for example, 
that described in the present Applicant's European 
patent appln. No. 90830291.2 filed on 26th June 
1990. This application describes a voltage-regulator 
circuit which uses a switching regulator with a 
working frequency of about 40 kHz, regulated by 
pulse-amplitude modulation. 

For a better understanding of the present in- 
vention, this circuit of the prior art will now be 
described in greater detail with reference to Figure 
1. 

Figure 1 shows an alternator constituted by a 
permanent-magnet inductor 1 and an armature 
constituted by windings 2. The windings 2 are 
connected to a three-phase rectifier bridge of which 
the rectifier elements, indicated 3, are diodes. A 
capacitor 4, connected to the output of the rectifier 
bridge between the positive terminal 6 and the 
negative terminal 5 which, typically, is connected to 
the earth of the vehicle, has the purpose of 
smoothing the waveform of the voltage output by 
the rectifier bridge. 

The voltage across the capacitor 4, which is 
the voltage output from the rectifier bridge, de- 
pends on the rate of rotation of the alternator which 
in turn depends on the rate of rotation of the 
internal combustion engine of the vehicle. Clearly, 
therefore, the voltage across the capacitor 4 is 
variable according to the rate of rotation of the 
engine and, in many cases, is too high to be 
applied to the battery 9 of the vehicle. It is there- 
fore necessary to interpose between the rectifier 
bridge and the battery 9 a voltage regulator, the 
function of which is to reduce the voltage to a value 
suitable for the battery 9. 

In the known circuit at present under examina- 
tion, the voltage regulator is constituted by a 
switching circuit in a configuration known as a step- 
down configuration. A switch, typically a MOS tran- 
sistor, with controlled switching, that is, into the 
cut-off condition or into the fully-conductive (satu- 
rated) condition, is connected to the positive pole 6 
of the rectifier bridge. A coil 17 is connected to the 
output of the transistor 15 and is connected in turn 
to the positive terminal of the battery 9. The cath- 
ode of a rectifier diode 16 is also connected to the 
output of the transistor 15 and its anode is con- 
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nected to earth. 

When the transistor 15 is conducting, a current 
flows from the positive terminal 6 of the rectifier 
bridge through the transistor~15 and the coil 17 
5 towards the battery 9 and any users 10, 11 in the 
vehicle which can be connected or disconnected 
by means of the corresponding switches 12, 13. 

The current supplied also charges a capacitor 
18 connected in parallel with the battery 9. At this 

w stage, the current flowing stores energy in the coil 
17. When the transistor 15 is cut off, the capacitor 
18 maintains the voltage to the battery 9 and the 
loads 10 and 11 whilst the energy stored in the coil 
17 causes current to be recycled from earth 5 

is through the diode 16. 

The transistor 15 is controlled so as to be cut 
off or made fully conductive (saturated) by a con- 
trol circuit 14 operating with pulse-amplitude modu- 
lation. The control circuit 14 achieves the regulation 

20 by detecting the voltage across the capacitor 18 by 
means of a connection to the intermediate junction 
of a voltage divider which is constituted by resis- 
tances 7 and 8 and is connected in parallel with the 
capacitor 18 and the battery 9. 

25 Typically, the value detected at the intermedi- 

ate junction of the voltage divider 7, 8 is compared 
with a reference voltage generated within the con- 
trol circuit 14. The switching frequency of the tran- 
sistor reaches values of about 40 kHz. 

30 The regulator circuit described above has 

some technical disadvantages. 

A first disadvantage is due to the radio-fre- 
quency electromagnetic emissions caused by the 
high frequency at which the transistor 15 is 

35 switched (40 kHz). A second disadvantage is due 
to the complexity of the circuit and to its cost and 
bulk. 

The object of the present invention is to pro- 
vide a voltage regulator which solves all the prob- 
40 lems mentioned above in a satisfactory manner 
and, in particular, which provides a simpler and 
less bulky regulator which is completely free of 
radio-frequency electromagnetic emissions. 

According to the present invention, this object 
45 is achieved by virtue of a voltage regulator having 
the characteristics indicated in the claims which 
follow the present description. 

Further advantages and characteristics of the 
present invention will become clear from the follow- 
so ing detailed description which is given with the aid 
of the appended drawings, provided by way of non- 
limiting example, in which: 

Figure 1 has already been described with refer- 
ence to the prior art, 
55 Figure 2 is a circuit diagram of an embodiment 
of the present invention, and 
Figure 3 is a cartesian graph illustrating the 
operation of the present invention. 

2 
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An embodiment of the present invention will 
now be described with reference to Figure 2. In 
Figure 2, parts and elements already described 
with reference to Figure 1 have again been given 
the same numerical symbols. 

A capacitor 4 is connected to the output of the 
rectifier bridge, between the positive terminal 6 and 
the earth terminal 5. The capacitor 4 has a capaci- 
tance of several hundreds of microfarads and its 
function is mainly to limit the voltage peaks which 
occur during the opening of a controlled switch 19 
interposed between the positive terminal 6 and the 
battery 9. The opening and closing of the switch 19 
are controlled by a control circuit 21 which is 
essentially a voltage comparator. 

The voltage comparator 21 compares a refer- 
ence voltage generated in known manner by a 
reference-voltage generator 22 with a voltage de- 
tected at the intermediate junction of a voltage 
divider which is constituted by the resistances 7 
and 8 and is disposed in parallel with the battery 9. 
In practice, the comparator 21 compares the volt- 
age across the battery 9 with the reference value 
Vref. 

When the voltage across the battery 9 reaches 
a predetermined minimum value V1 < Vref, the 
output of the threshold comparator 21 is brought to 
a condition such that the switch element 19 is 
made fully conductive. The current can thus flow 
from the positive terminal 6 towards the battery 9, 
the loads 10, 11 (if they are connected by means 
of the switches 12, 13), and the capacitor 20 con- 
nected in parallel with the battery 9. The current 
supplied by the alternator charges the capacitor 20 
and the voltage across the battery 9 and the loads 
10, 11 starts to increase. The switch 19 remains 
conductive until the voltage across the battery 9 
has risen to a predetermined maximum value V2 > 
Vref, at which value the output of the threshold 
comparator 21 ceases to keep the switch 19 con- 
ductive, causing it to open. 

The capacitor 20 is then discharged into the 
loads 10, 11 and the voltage across the battery 9 
falls until it reaches V1 < Vref; at this point, the 
cycle bust described starts again. 

The regulator thus operates by keeping the 
voltage across the users 10,11 and the battery 9 
between the minimum and maximum values V1 
and V2 which are close to the nominal voltage 
Vbatt of the battery. 

Figure 3 shows, purely by way of indication, 
the curve of the voltage across the loads 10, 11, 
the battery 9 and the capacitor 20. 

The capacitor 20 is preferably formed with the 
use of supercapacitor technology: for example, a 
capacitor with a capacitance of 2 farads and an 
internal resistance of less than 100 milliohms is 
used. With such a capacitor and with an absorbtion 
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of 100 amperes by the loads, a switching fre- 
quency of the switch 19 of the order of tens of Hz 
is obtained. 

A conventional mechanical switch or a static 
5 switch formed by semiconductor technology (MOS 
transistors) may thus be used equally well for the 
switch 19. 

The voltage regulator according to the present 
invention is simple and compact and has the con- 
70 siderable advantage that it is free of radio-fre- 
quency emissions. 

Naturally, the principle of the invention remain- 
ing the same, the details of construction and forms 
of embodiment may be varied widely with respect 
75 to those described and illustrated, without thereby 
departing from the scope of the present invention. 

Claims 

20 1. A voltage regulator, particularly for use in asso- 
ciation with an electrical generator (1, 2, 3) 
supplying a direct current in a vehicle with a 
combustion engine, characterized in that it 
comprises, in operative combination: 
25 - switching means (19) for selectively en- 

abling and preventing the flow of current 
between the electrical generator and cur- 
rent-user means (10, 11); 

- capacitor means (20) connected in par- 
30 allel with the current-user means (10, 

11). 

- voltage comparison means (21) opera- 
tive^ connected to the switching means 
(19) for comparing the voltage across the 

35 capacitor means (20) with a reference 

value (Vref) and controlling the conduc- 
tion and cutting-off of the switching 
means (19) so as to keep the voltage 
across the capacitor means (20) within a 

40 predetermined range of values (V1 , V2). 

2. A regulator according to Claim 1 , characterized 
in that the switching means (19) comprise 
electromechanical switch means. 

45 

3. A regulator according to Claim 1 , characterized 
in that the switching means (19) comprise 
semiconductor switching means. 

so 4. A device according to Claim 3, characterized 
in that the semiconductor switching means 
comprise at least one MOS transistor. 

5. A regulator according to any one of Claims 1 
55 to 4, characterized in that it comprises further 

capacitor means (4) connected in parallel with 
output terminals (5, 6) of the electrical gener- 
ator (1, 2, 3). 

3 
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6. A regulator according to Claim 5, characterized 
in that the further capacitor means comprise a 
capacitor (4) having a capacitance of the order 
of hundreds ol microfarads. 

5 

7. A regulator according to Claim t, characterized 
in that the capacitor means comprise a capaci- 
tor (20) formed with the use of technology 
known as supercapacitor technology. 

10 

8. A regulator according to Claim 1 or Claim 7, 
characterized in that the capacitor means (20) 
have a capacitance greater than one farad. 

9. A regulator according to any one of the pre- is 
ceding claims, characterized in that the refer- 
ence value (Vref) is generated by reference- 
voltage generator means (22) operatively con- 
nected to a first input of the voltage-compari- 
son means (21). 20 

10. A regulator according to any one of the pre- 
ceding claims, characterized in that it com- 
prises voltage-divider means (7. 8) connected 

in parallel with the capacitor means (20), the 25 
voltage at an intermediate terminal of the volt- 
age-divider means (7, 8) being indicative of the 
voltage across the capacitor means (20), the 
intermediate terminal being connected to a 
second input of the voltage-comparison means 30 
(21). 



voltage source (9) near to the nominal voltage 
(Vbatt). 

14. A regulator according to Claims 11 to 13, char- 
acterized in that the first predetermined voltage 
value <V1) is lower than the nominal voltage 
(Vbatt) and the second predetermined voltage 
value (V2) is higher than the nominal voltage 
(Vbatt). 

15. A regulator according to any one of the pre- 
ceding claims, characterized in that the volt- 
age-comparison means (21) comprise a volt- 
age comparator. 

16. A regulator according to any one of the pre- 
ceding claims, characterized in that the voltage 
source (9) comprises a battery and in that the 
nominal voltage is the nominal voltage (Vbatt) 
of the battery. 

17. A regulator according to any one of the pre- 
ceding claims, characterized in that the capaci- 
tance of the capacitor means (20) and the 
voltage range given by the difference between 
the first and second predetermined voltage val- 
ues (VI. V2) are selected so that the switching 
frequency of the switching means (19) in use 
is of the order of tens of Hz. 



11- A regulator according to any one of the pre- 
ceding claims, characterized in that the volt- 
age-comparison means (21 ) can: 35 

- make the switching means (19) conduc- 
tive when the voltage across the capaci- 
tor means (20) reaches a first predeter- 
mined voltage value (V1), 

- cut off the switching means (19) when 40 
the voltage across the capacitor means 

(20) reaches a second predetermined 
voltage value (V2) greater than the first 
predetermined voltage value (V1 ). 

45 

12. A regulator according to any one of Claims 1 
to 10, characterized in that, the vehicle com- 
prising a voltage source (9) connected in par- 
allel with the current-user means (10, 11), the 
reference value (Vref) is selected so that the 50 
voltage across the voltage source (9) is kept 
near the nominal voltage (Vbatt) of the voltage 
source (9). 



13. A regulator according to Claims 11 and 12, 55 
characterized in that the first and second pre- 
determined voltage values (V1, V2) are se- 
lected so as to keep the voltage across the 
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SUMMARY A highl> rehahle and highly efficient fuel-cell 
energy system is being developed that can run on various fuels 
und is suitable lor a cogeneration *.>Ntcm for telecommunications 
facilities. In this >ysiem. electrical power supplants the mains 
power and heat energy is used for air conditioning. Using this 
fuel-cell power plant as an emeruenc\ generator and ensuring the 
reliability of telecommunication requires the use of alternate 
fuels. Thii plant can run on liquefied petroleum gas(LPG) if the 
pipeline gas supply stops. Fuel substitution characteristics, and 
DC and AC interconnection characteristics have been experimen- 
tally demonstrated for connections by using a 200-kW phos- 
phoric acid fuel cell and a 150-kW engine generator. 
key words: muhifuel fuel-cell cogeneration, emergency genera- 
tor, phosphoric avid fuel cell 

1. Introduction 

Fuel cells are remarkably efficient, clean energy genera- 
tors that are expected to be used in cogeneration sys- 
tems for telecommunications in the near future. 

In a telecommunications building, the amounts of 
electrical energy consumed by the telecommunications 
equipment is usually balanced well with that used by 
air conditioners. Because it is necessary to cool tele- 
communication equipment throughout the year, a 
cogeneration system is suitable for use in telecommuni- 
cation buildings [l], [2]. 

Conventional fuel-cell cogeneration systems used 
in hospitals and factories supply electrical power to 
lights, pumps, etc.. and heat energy for space heating 
and hot water [3j. The pipeline-gas is used widely as 
the fuel for the fuel-cells. However, the supply of 
pipeline-gas may be interrupted due to disasters, such 
as earthquakes, and accidents. If this happens, the 
conventional fuel-cell cogeneration systems cannot 
continue generating output power. 

In most telecommunications buildings, an engine 
generator is installed to provide electrical power for 
the equipment and the air conditioners during power 
failures. When the mains power fails, however, the 
conventional fuel -eel I cogeneration system cannot 
share the load with the engine generator because of the 



.Manuscript received July I. 1997. 

Manuscript revised February 12. I99.X 
t The authors are with NTT Integrated Information & 
Energy Systems Laboratories. Musashino-shi. 180-8585 
Japan. 

tt The author is with NTT Posser and Buildinu Facilities 
Inc.. Musashino-shi. 180-0012 Japan. 



w ide variation in output frequency of the engine gener- 
ator. 

A fuel-cell energy system for telecommunications 
cogeneration systems should be as efficient and reliable 
as conventional power feeding and cooling systems for 
telecommunications. It must be reliable enough that it 
can continue to supply electrical and heat energy when 
the mains power or pipeline gas fail. 

We have therefore been developing a fuel-cell 
system that can run on various fuels and that supplies 
generated electrical energy to the equipment in cooper- 
ation with the mains power. The recovered heat energy 
is used to cool the equipment. If the pipeline gas 
supply stops, the fuel-cell system switches to an alter- 
nate fuel and continue to supply power. 

When the mains power fails, the fuel-cell system 
shares the load with the engine generator. Therefore, it 
can be used as an additional emergency generator, thus 
decreasing investment costs. 

Thus, this highly reliable and highly efficient 
multifuel fuel-cell system is a cost-effective telecommu- 
nications energy system. 

2. Basic Configuration of Multifuel Fuel-Cell 
Energy System 

The fundamental configuration of our multifuel fuel- 
cell energy system for telecommunications is shown in 
Fig. I. This cogeneration system that supplies gener- 
ated electrical power to telecommunications equip- 
ment and supplies generated heat energy to air condi- 
tioners. Fuel gas and steam are supplied to a reformer, 
which contains a catalvst. The steam-reformed gas. 



Mains 
power 



© — 




'Heat energy 

Fig. 1 The fundamental configuration of muhifuel fuel-cell 
eneruv svstem for telecommunications. 
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which contains a Ijrge amount of hydrogen, is then 
supplied to the fuel cell The fuel cell i> a generator; 
it uses the electrochemical reaction between the hydro- 
yen from the fuel ga* and the o\>gen Irom the air to 
produce electrical and heat energ> 

The fuel-cell'* electrical output is supplied in 
parallel with the mains power Since the mains power 
can respond quickly to fluctuation in the load, the 
fuel-cell output can be kept constant When the mains 
power fails, the engine generator >uns up jnd the 
fuel-cell output is fed to the telecommunication^ equip- 
ment along with (he engine-gcncr.it. »: output l! the 
pipeline ga>. supply stops, the lucl t»»r the tucl cell 
power plant is >w itched to the alternate tucl jnd power 
continues to be supplied. Such a multituel lucl-ccll 
power plant is therefore useful a% an cnicrgcnc\ genera- 
tor. 

This system converts energy Irom i.»>m! tucl into 
energy suitable for use b> telecommunu jti.»n> equip- 
ment and its cooling s>slcms more cttu tenth thjn 
conventional systems whose energy i> uh.»II;. supplied 
from an external source It can ,il>,> defease the 
required engine generator capacity and nerve ik cost. 

3. Multifuel Fuel-Cell Energy System for Telecom- 
munications Co-generation System 

The configuration of our multifuel fuel-cell energy 
system for a telecommunication cogcnerjtton >wem ts 
shown in Fig. 2. The fuel-cell power pack, the DC and 
AC interconnection equipment, and an absorption 
refrigerator are installed in the power room An 
engine generator is provided for emergencv use 

Although the electrical consumption in a telecom- 
munications building is constantly fluctuating, it is not 
advisable to design the fuel-cell capacity to match the 
peak value of the required power, because it the fuel 
cell operates at the maximum power, than the electrical 
and heat energies will he maximized The recovered 
heat energy also reaches its maximum at the maximum 



electrical output and decreases with the magnitude of 
the output. Therefore, power is supplied from the 
mains power to operate the fuel cell at maximum 
power and compensate for variations in the load. 

The fuel gas flow is regulated to ensure stable 
fuel-cell current. However, the fuel supply has a much 
slower response time than the electrical output current. 
Because the mains power may fail and the load may 
vary, the variation in fuel-cell current must be limited 
to avoid fuel-cell deterioration. The fuel-cell current is 
kept at a constant level, and variations in load are 
provided for by the mains power or by the engine 
generator. 

The waste heat energy recovered from the fuel-cell 
power plant is used by the absorption refrigerator to 
cool the telecommunications equipment. 

The system can also deal with periodic interrup- 
tions for maintenance or ones caused by breakdown 
because the mains power backs up the fuel-cell output. 

In a conventional fuel-cell system, there is an 
inverter in the power pack and its output is supplied to 
the AC load. In our energy system, a converter con- 
verts the fuel-cell DC voltage to stable DC voltage, 
thus achieving very efficient and very reliable DC 
power. The fuel-cell output follows two paths [4]: 
part passes through the converter to provide DC power 
for the telecommunications equipment, and the rest 
passes through an inverter to provide AC power for air 
conditioners, computers, etc. 

As shown in Table K when the mains power is 
normal, the fuel-cell power plant shares the load with 

Table 1 Power supply modes. 





Mains power 


supply 


stop 


Pipeline 
gas 


supply 


• fuel celt 
(pipeline gas) 
- mains power 


• fuel cell 
(pipeline gas) 

• engine generator 


stop 


• fuel cell (IPG) 
■ mains power 


• fuel cell (LPG) 

• engine generator 



Ma ns pOwe 




Telecommunications 
equipment 



(Battery (} (DC interconnection] 



fuol 
:LPGi 
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Air 
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f Meat energy utilization ) 



Fig. 2 Multifuel lucl-cell energy system configuration tor lele- 
communiL'atiiinx i,»<.*cncr.iikHi system. 
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Requirements | 


Solutions [ 


Technologies 


High reliability ^ — 


— Switch to alternate fuel \ 


Fuel substitution 




. Maintain maximum ef" 






fuel-cell output y 




High efficiency \^ 


\ Minimize variations £\ 


Interconnection 




w in fuel cell output 




Compatible with 


^ Utilize fuel-cell heat energy-^ 


Heat energy utilization 


Current Systems 


Interconnect with engine. / 






generator output 





Fij». 3 Requirements, solutions, and technologies for achieving 
reliability and efficiency 



the mains power If the mains power fails, the engine 
generator starts up. and i he fuel-cell power plant 
begins sharing the load with the engine generator. If 
the pipeline gas supply stops, the fuel for the fuel-cell 
power plant is switched to the alternate fuel (LPG). 
and power continues to he supplied 

Better fuel substitution and energy utih/atton 
technologies must be developed in orjcr to increase the 
reliability and efficiency ol the total power system, and 
to achieve compatibility with today's pouer systems 
These requirements, their solutions, and the rclcvjni 
technologies are summarized in f ig .» 

4. Fuel Substitution Technology 

Pipeline gas is a suitable fuel for fuel cells because it is 
easy to procure and its steam-reforming technology is 
well established. However, its supply ma> be inter- 
rupted by disaster like earthquakes or accidents 
Using the fuel-cell system as an emergency generator 
and ensuring the reliability of telecommunications 
requires the provision of an emergency fuel 

Liquefied petroleum gas' LPG) is the best choice 
for such a fuel because it is easy to acquire, store, and 
transport, and it can be conveniently steam-relormed 
LPG must be steam-reformed in the same way as 
pipeline gas to generate the hydrogen needed for the 
fuel-cell reaction It is unrealistic to provide an addi- 
tional reformer for LPG in view of the installation 
space and cost, so LPG should be sicam-reformable 
using the same rclormer as used for pipeline gas 

We previously studied the steam-reforming charac- 
teristics of the Ni-Al.O, catalyst, the most common 
catalyst for steam-reforming pipeline gas. for pipeline 
gas and LPG. The results showed that both pipeline 
gas and LPG can be steam-reformed to their equilib- 
rium compositions by using the Ni-Al.O. catalyst, so 
the same reformer can be used. When the fuel is 
changed from pipeline gas to LPG. the heal supply 
must be reduced to avoid a rise in the reformer temper- 
ature and to prolong the lifetime of the catalyst. On 
the other hand, the steam supply must be rapidly 
increased when the fuel is changed from pipeline gas to 
LPG. so the fuel-cell >ystem requires a large steam 
separator. 

In our svstem. we use a new catalvsl to decrease 
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Fig. 5 Possible supply combinations (normalized by pipeline 

CUV' 

the amount of reforming steam needed. As shown in 
\ ig 4. the new catalyst requires much less steam supply 
than the conventional Ni-AkO^ catalyst. 

By using this new fuel-substitution technology, 
therefore. LPG can be automatically steam-reformed in 
the same reformer and steam separator that are used for 
pipeline gas. 

Figure 5 shows the supply combinations we use 
for fuel substitution. As discussed above, when the 
fuel supply is changed over from pipeline gas to LPG. 
the fuel and reforming-steam supply must be 
controlled to maintain a constant fuel-cell output 
power and to prolong ihe life of the catalyst. The new 
catalyst is used to decrease the amount of reforming 
Nteam needed. If the pipeline gas stops, the fuel for the 
fuel-cell power plant is switched to LPG to ensure a 
continuous power supply. Kigure b shows the test 
results for changing the fuel supply over from pipeline 
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Fig. 6 Effects of fuel substitution on output power. 

gas to LPG. Despite this fuel change, the fuel-cell 
output power remained constant at about 200 kW. 
The experimental results for changing from LPG to 
pipeline gas were similar. This demonstrates that the 
fuel substitution was successful. 

5. Interconnection Technology 

While both DC and AC-interconnection technoloeies 
has been demonstrated in a field test [5], better inter- 
connection technologies must be developed to increase 
the efficiency and reliability of the total enersy system 
and to extend the lifetime of the fuel cells. 

5. 1 DC Interconnection 

In a DC interconnection system, the converter converts 
the fuel-cell voltage to a stable DC load voltage. The 
fuel-cell power is supplied to the load in parallel with 
the rectifier output. When the mains power is normal, 
the rectifier converts a mains AC voltage to a stable 
DC load voltage. Thus, the fuel cell power can be held 
constant by a quick response from the mains power 
against fluctuations in the load. If the mains power 
fails, the rectifier output falls to zero. Therefore, the 
converter output is connected in parallel with that of 
! the backup battery. 

A conventional DC interconnection converter 
controls its output current constant to restrict the 
| variation in fuel-cell current so as to avoid fuel-cell 
deterioration [4]. [5]. When the rectifier output volt- 
age varies due to mains power failure, the fuel-cell 
current fluctuates. Moreover, as the fuel-cell voltage 
decreases due to deterioration, its current approaches 
its rated value. If it exceeds its rated value, an emer- 
gency stoppage can result. 

Our new DC interconnection convener maintains 
maximum fuel-cell current, keeping total efficiency 
high. Stable fuel-cell operation is thus achieved even 
"I the AC power fails or the toad varies. 

As shown in Fig. 7, the converter control circuit 
has an input-current control circuit and a reference- 
voltage control circuit, in addition to an output- 
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Fig. 7 Converter control circuit. 
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Output current. Iconv 
Fig. 8 Converter input and output characteristics. 

voltage control circuit [6]. The output-voltage control 
circuit compares output-voltage V conv to output signal 
S, of the reference-voltage control circuit. If the output 
voltage drops, the converter increases the output volt- 
age by increasing signal level S 2 of the output-voltage 
control circuit. In this manner, the output voltage is 
kept at constant. 

When the input current reaches reference level V r2 
of / F co, the input-current control circuit decreases input 
signal S 3 of the reference-voltage control circuit. As 
S 3 decreases, the signal level of S, decreases, and the 
output voltage decreases to maintain input current I FCQ . 
As a result, even if the converter output voltage varies, 
the fuel-cell current is maintained at a constant value- 
As shown in Fig. 8, when input current ! FC is 
under rated current I FC0 at startup or light-load condi- 
tion, converter output voltage V conv is kept constant. 
Input voltage V FC decreases as input current l FC 
increases as a result of the fuel-cell characteristics. 
Because the converter controls its output to keep input 
current 1 FC at the constant rated value, converter input 
power P FC is restricted to the maximum rated value. 
Output power P conv is thus kept constant. Therefore, 
the fuel-cell current is limited to the constant rated 
value, f FC0 . and the converter operates in the constant 
power region shown in Fig. 8. 

The steady-state and transient DC interconnection 
characteristics are listed in Table 2 and shown in Fig. 
9. respectively. As converter input voltage V Ft 
decreases, the converter input current remains constant. 
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and its output current is proportional to the input 
voltage in the steady state (see Table 2). 

Figure 9 shows DC interconnection characteristics 
when the mains power fails. The converter output is 
connected in parallel with the backup battery. When 
the mains power fails, the converter voltage falls to the 

Table 2 DC interconnection characteristics (steady-state con- 
dition) . 





Initial 


After 

deterioration 


Vfc (V) 


290 


270 


IFC(A) 


33.4 


Vcom, (V) 


51.8 


51.5 


lew (A) 


172 


163 


IRF (A) 


87 


96 


hoad (A) 


259 



47 5 
^ 206 



143 

369 



30 6 
141 



25 
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Experimental 
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Fig. 9 DC interconnection characteristics of output voltage 
variation (t', f -290V. / KH -33.4A>. 



battery voltage, and both the converter and the battery 
supply power to the load. Because of the constant 
power operation, the converter input current : fuel 
cell current) is kept constant. These results demon- 
strate the good DC interconnection characteristics. 

5. 2 AC Interconnection 

In an AC interconnection system, the fuel-cell output 
is fed to computers or air conditioners through the 
inverter along with the commercial AC power. The 
inverter controls its output voltage to restrict the varia- 
tion in fuel-cell output power so as to avoid fuel-cell 
deterioration. During AC interconnection, the inver- 
ter output power is kept constant by controlling the 
inverter voltage. 

A block diagram of the inverter and the principle 
of load-sharing control are shown in Fig. 10. The 
pulse-width-modulation (PWM) technique is used to 
control the output voltage of the inverter. In the 
controller, a voltage-control circuit (VCC) and a 
phase-control circuit (PCC) determine the amplitude 
and the phase of the reference sinusoidal signal by 
using the voltage and phase difference signals between 
the commercial AC voltage and the inverter output 
voltage. The PWM signal can then be generated by 
comparing the reference sinusoidal signal with the 
carrier signal. When the phase difference increases, the 
inverter output current increases and the commercial 
AC current decreases. Fuel-cell output thus remains 
constant despite load variations. Because of voltage 
differences between the phases of the commercial AC 
line, this control operation is individually performed 
for each phase of the inverter. When the inverter starts 
up, the inverter output power increases at a constant 
rate. The output power linearly reaches its rated 
output power. After start-up, the inverter output 
remains constant in spite of variations in the load 
power. The AC interconnection characteristics were 
previously measured in field tests [5]; they demon- 
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Fig. 10 Inverter and principle of loutl->lutring control. 
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strated that the fuel-cell output power can be kept 
constant while load-power variations are handled by 
the mains power. 

If the mains power fails, the fuel-cell power plant 
supplies its power to the load as an emergency genera- 
tor. When the load cupacit) is much larger than the 
capacity of the fuel-cell power plant, the engine genera- 
tor is also used. Figure 1 1 shows the AC interconnec- 
tion characteristics when the mains power fails. The 
engine generator Marts up and supplies its power to the 
initial load. Variations in load are compensated for by 
the engine generator After the generator output has 
reached a sufficient level, the inverter begins sharing 
the load with the generator, increasing its load gradu- 
ally. As the inverter output increases, the engine 
generator output decreases \\ hen the generator output 
reaches a surficientlv *mall level, the second load is 
connected. The load variation is compensated for by 
the engine generator and the fuel-cell output remains 
constant. After the engine generator has been supplv- 
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Fig. 11 AC interconnection characteristic's uhen mjin% power 

fails. 



Engine 
generator 
voltage 
(lOOV/div.)| 




Output 
frequency 

(0.5 Hz/div.)! 

Inverter 
current 
(40 MJiv.) 



Engine 
generator 
current 

(tOO A/div. 



51 H 2 



Trme 



250 ms 



Fig. 12 \C* interconnection characteristics when engine genera- 
lor i% interconnected. 



ing its power to the second load, the inverter begins to 
gradually increase its load and continues increasing it 
until it reaches its rated power. Therefore, the fuel-cell 
power plant can operate well as an emergency genera- 
tor sharing the load with the engine generator." 

Figure 12 shows the AC interconnection charac- 
teristics when the load current decreases. The output 
frequency of the engine generator increases gradually 
and the inverter controls its phase difference to main- 
tain the inverter output at a constant level. Therefore, 
the inverter current remains constant and the engine 
generator current decreases even when the engine gen- 
erator frequency varies widely. 

6. Heat Energy Utilization Technology 

In a telecommunications building, where it is necessary 
to cool telecommunications equipment all year round, 
the heal energy of the fuel cell is supplied to an 
absorption refrigerator. Figure 13 shows fuel-cell 
cnerg> use in such a building. Heat energy from the 
lucl cells is obtained from the coolant used for cooling 
ihe fuel cell slack and from the exhaust gas [7]. Steam 
generated from the coolant is directly supplied to a 
high-temperature generator heat source. The heat 
recovered from the fuel-cell exhaust gas is supplied to 
a low-temperature generator heat source. 

The fuel-cell stack coolant, which recovers the 
reaction heat produced when electricity is generated by 
the fuel cells, is fed into a steam separator. The steam 
produced here is supplied to a reformer, where it is 
used for reforming the fuel. 

The direct steam heat recovery method is used to 
keep the heat recovery temperature high and to avoid 
the need to use a heat exchanger. Twenty-three percent 
of the fuel energy is converted to steam. To prevent the 
lucl cells from deteriorating and to maintain high 
electrical efficiency, the temperature of the fuel cell 
stack coolant should be kept constant. It can be 
accurately controlled and the pressure of the absorp- 
tion refrigerator can be kept high even when low- 
temperature water is being fed to the coolant. 

The low-temperature generator in the absorption 
refrigerator generally requires a relatively high- 
temperature input, so the absorption refrigerator can- 
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Fig. 13 Fuel-cell energy use in telecommunications. 
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not use extra heat energy that is supplied at a relatively 
low temperature. However, an absorption refrigerator 
that operates all year round in a telecommunications 
building can use the relatively low-temperature heat 
energy and increase the heat recovery ratio when the 
cooling water temperature decreases. The amount of 
heat recovered from the exhaust gas is estimated to be 
18% of the fuel energy. 

7. Conclusion 

The proposed multifuel fuel cell energy system is suit- 
able as a cogeneration system for telecommunications. 
It is a very efficient and reliable energy system. Fuel 
substitution characteristics, and DC and AC intercon- 
nection characteristics have been experimentally 
demonstrated for connections by using a 200-kW. phos- 
phoric acid fuel cell and a 150-kW engine generator. 
Demonstrations of this system have been conducted at 
the NTT R&D Center in Musashino. 
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